We report classical and tight-binding molecular dynamics simulations of the C 60 fullerene and cubane molecular crystal in order to investigate intermolecular dynamics and polymerization processes. Our results show that, for 200 K and 400 K, cubane molecules remain basically fixed, presenting only thermal vibrations, while C 60 fullerenes show rotational motions. Fullerenes perform "free" rotational motions at short times ( < ∼ 1 ps), small amplitude hindered rotational motions (librations) at intermediate times, and rotational diffusive dynamics at long times ( > ∼ 10 ps). The mechanisms underlying these dynamics are presented. Random copolymerization among cubanes and fullerenes were observed when temperature is increased, leading to the formation of a disordered structure. Changes in the radial distribution function and electronic density of states indicate the coexistence of amorphous and crystalline phases. The different conformational phases that cubanes and fullerenes undergo during the copolymerization process are discussed.
I. INTRODUCTION
The discovery of C 60 fullerenes 1 opened a new field in theoretical and experimental research of carbon based materials 2 . At room temperature these molecules crystallize in a face-centered-cubic (fcc) solid structure 3 exhibiting semiconducting behavior (bandgap of about 1.5 eV 4 ). When the crystals are either hydrostatically compressed 5, 6, 7, 8, 9 or exposed to visible or ultra-violet light sources 10 , a polymerization process of the C 60 molecules is observed. Due to the large size of the C 60 molecules, the interstitial cavities in the crystalline C 60 can accommodate various guest species. Attempts were made to intercalate C 60 crystals with electron donors (and other atoms) in order to vary their electronic properties.
Results of doping with alkaline metals lead to the appearance of exotic superconductivity with critical temperatures around 30 K or larger 11, 12, 13 . Other atoms and molecules, such as rare gases 14, 15 and molecular oxygen 16 were also used as dopants.
Recently, heteromolecular crystals of C 60 fullerene and cubane (C 8 H 8 ) 17 have been prepared from aromatic solutions by evaporating solvent and adding isopropyl alcohol as precipitant 18 . These crystals ( Fig. 1 ) present an interesting phase diagram showing orientational-ordering phase transitions. At atmospheric pressures and temperatures below 140 K, the crystal exhibits an orthorhombic symmetry. From 140 K up to 470 K, the C 60 molecules are located on the lattice sites of an fcc crystal with the cubane molecules on the octahedral voids. In this temperature range, the C 60 molecules are free to rotate whereas cubanes behave like static bearings in a so-called rotor-stator phase 18 . Above 470 K, solidstate reactions take place among cubanes and fullerenes leading to different crystalline and, eventually, amorphous phases due to copolymerization 19 . Similar phase diagrams are also observed for other fullerenes, such as C 70 and C 84 20 .
Despite experimental studies about the polymerization process that takes place during high temperature treatments 19, 20 and under pressure 21 , providing information of the possible conformations of the resulting polymer, the molecular aspects involved in these processes are still largely unknown. For instance, experimental results suggest that the resulting compound after thermal treatment (470 K) is a copolymer of C 60 with a decomposition product of cubane (dihydropentalene) 20 . However, other possibilities for the copolymer can not be ruled out even when other decomposition products of cubane are considered. In this case, similar copolymers could also be formed leading to different properties. While detailed information on such processes is not easily accessible from experiments, atomistic simulations can be a very important tool to provide additional insights and molecular level understanding of the experimental data. In order to investigate the dynamical processes associated with C 60 -cubane crystals we present here atomistic simulations of the C 60 -cubane heteromolecular crystal.
Firstly, we have analyzed the C 60 -cubane crystal in its rotor-stator phase. Our aim was to provide a detailed characterization of the C 60 and cubane intermolecular dynamics in the crystal. Secondly, we have studied the polymerization process in order to identify the possible conformations of the resulting copolymer and the changes that may eventually occur on the electronic properties of the crystal.
II. METHODOLOGY
The atomistic simulations were performed at two distinct levels: classical and tight- 20, 21 . Based on that, we considered the volume of the system fixed during the simulations using the lattice parameter obtained from minimization of a fcc unit cell within our tight-binding model. The lattice parameter obtained was 15.08Å, only 2.3 % larger than the experimental one. We attribute this small difference to the not very accurate description of van der Waals interactions within our tight-binding model. This is not a concern in the sense that for the high temperatures considered here, non-bonded interactions should play a minor role. The equations of motion were numerically integrated using the Generalized Leap-Frog algorithm 31 and the temperature was controlled by means of the Nosé-Poincaré thermostat 32 . Only the Γ-point has been used for Brillouin-zone sampling.
III. RESULTS AND DISCUSSIONS
A. I. Rotor-stator phase The observed movement for the fullerenes presents very interesting aspects. It is not a simple free rotation around a specific (and fixed) axis but a composed rotation instead, i.e., the rotation axis varies continuously with time. In this sense the rotor only executes a small fraction of a full cycle until the next change in the orientation of the rotational axis. In this case, due to environment presented by the neighboring cubane molecules, each fullerene atom develops (not independently) a random walk in angle over the allowed spherical surface.
In order to better characterize the molecular dynamics of C 60 and cubane in the rotorstator phase we computed the second-rank single-particle time correlation function C(τ ) defined as
Here N is the number of C 60 molecules, P 2 (x) is the Legendre polynomial of order 2, and u n (t) is the normalized orientational vector connecting the nth C 60 center of mass with an arbitrary atom in the nth C 60 at time t. The average is performed over different time origins t 0 . The C(τ ) time correlation function is useful to characterize reorientational motions in molecular systems and its Fourier transform is related to Raman-and light-scattering spectra 34 . Two peaks are evident in the spectra: one at 6 cm −1 and another at 14.5 cm −1 . The latter is more evident in the case of 200 K while the former is more pronounced at 400 K. We associate these peaks mainly with the molecular reorientation within the librational regime.
In order to obtain insights into the origin of such peaks we first calculated the rotational potential energy map for the fullerene due to van der Waals bare interactions with its six neighboring cubane molecules (Fig. 1 ). For these calculations we kept the cubane molecules fixed and varied the angular orientation of the fullerene, neglecting any libration-phonon coupling. The angular orientation of the fullerene inside the cavity (Fig. 1) is characterized by the Euler angles (0 ≤ φ < 2π, 0 ≤ θ < π, and 0 ≤ ψ < 2π), and determined by the rotation matrix R(φ, θ, ψ). For each combination (φ, θ, ψ) the potential energy U was calculated leading to a four-dimensional map (U(φ, θ, ψ)). The three-dimensional potential energy map calculated for each value of φ was then used to determine local minima. For each minimum we calculated the corresponding rotational frequency ω r through
where I is the C 60 moment of inertia (9.75 × 10 −44 kg.m 2 ) and ξ = ψ, θ. These minima represent local rotational traps for the fullerenes in the crystal. We can see from Fig. 5 that different minimum valleys appear depending upon the fullerene orientation. Fig. 6(a) shows the ω r distribution obtained from the potential energy mapping of a C 60 fullerene surrounded by six cubane molecules ( 
and determined its spectral density C v (ω) using Fourier transformation. Results depicted in Fig. 6(b) show that there are indeed lattice vibrational modes in the 12-17 cm −1 region, thus supporting our interpretation.
B. II. Polymerized phases
Having described the dynamical behavior of the rotor-stator phase, we also investigated the polymerized phases. Cubanes can thermally isomerize into different compounds. (Fig. 7) , dihydropentalene (DHP) and styrene (STY) appear as the most probable compounds to form alternating copolymers with C 60 . In order to analyze the cubane decomposition process in its gas phase, we have carried out tight-binding molecular dynamics simulations of a system composed by eight cubane molecules during 50 ps at different temperatures. These simulations also allowed us to estimate, at least approximately, the simulation temperature which cubane molecules begin to isomerize. In the simulation time scale used here, we have verified that at 1000 K no isomerization occurs. When the temperature is increased to 1300 K, COT molecules are present, and at 1900 K COT eventually decomposes into BCT or DHP molecules. This process is consistent with experimental findings 42, 49, 50, 51 and may be used to map simulation and actual experimental temperature scales. Thus, a temperature of ∼ 1900 K in the simulations can be mapped into the actual polymerization temperature of ∼200 o C. We analyzed the C 60 -cubane crystal at temperatures larger than 1900 K which ensures, therefore, the decomposition of cubane molecules.
In fact, STCO, COT, BCT, and BEN + C 2 H 2 were already present at 2100 K after 10 ps of TBMD simulations. Bonding between cubane products and C 60 begins to occur after 20 ps, but they are not very stable. After 40 ps, the presence of COT is still observed as well as bonding among products and C 60 . Eventually bonding among C 60 molecules through products of the cubane decomposition were observed, as shown in Fig. 8 (a) .
After 10 ps at 2300 K all the cubane molecules have been decomposed and DHP compounds begin to appear. In addition, we have observed hydrogen atoms bonded to the C 60 molecules. After 40 ps, covalent bonding between BEN and C 60 as well as between DHP and C 60 were observed as shown in Fig. 8 (b) . When the temperature is further increased to 2600 K, all the cubane molecules were decomposed into BEN + acetylene after 20 ps. The copolymerization of C 60 via cubane products is more easily observed after 30 ps as shown in Fig. 9 (a) .
At 3100 K, the extension of the copolymerization is much larger than that observed at 2100 K but clearly shows signs of increased disorder. This can be seen in Fig. 9 (b) where three fullerenes are connected through fragments of cubane molecules. In this case, the crystal shows features reminiscent of an amorphous phase. We also observed that some fullerene cages were opened during the polymerization process at 3100 K.
Based on these results, crystalline and amorphous aspects are present for 2100-2600 K while a solid with a more pronounced amorphous characteristic is observed for 3100 K.
These findings agree with the experiments performed by Pekker et al. 18 . The evolution of the polymerization process with the temperature can be seen in Fig. 10 through the radial distribution function g(r) for 2100 K and 3100 K after 40 ps. For comparison purposes we also show g(r) for the crystal structure at 0 K. The peaks at 1.39, 1.44, 2.46, and 2.85Å
correspond to the first, and second nearest neighbors in C 60 , in agreement with neutrondiffraction measurements at 300 K 52 . The peak at 3.56Å corresponds to third nearest neighbor in C 60 , and at 1.12 and 2.35Å to the C-H and C-C bonds in the cubane molecules, respectively.
The broadening of the main peaks is observed at 2100 K and, more significantly, at 3100 K after 40 ps of molecular dynamics simulation. This indicates changes in the crystal structure due to bonding among C 60 and cubane products (2100 K) as well as bonding among C 60 themselves (3100 K). The almost complete disappearance of the peak corresponding to the C-H bonds altogether with the broadening of peaks at 3100 K clearly show the full decomposition of the cubane molecules and the further polymerization of their decomposition products with the fullerenes.
Finally, we present the observed changes in the electronic density of states (DOS) of the C 60 -cubane crystal during polymerization. K is also presented. The insert shows details of C(τ ) short-dynamics in a semi-log scale.
The correlation function for cubane in the inset graph was expanded five times to facilitate visualization. 
